To describe long-term survival, clinical outcome and ventricular systolic function in a longitudinally followed cohort of patients after Mustard repair for transposition of the great arteries (TGA). There is serious concern about the longterm outcome after Mustard repair.
Introduction
The survival of patients with transposition of the great arteries (TGA) has improved dramatically after introduction of the atrial switch procedures described by Senning in 1959 1 and Mustard in 1964. 2 At that time, the choice was made in our centre to preferentially apply the Mustard procedure. Although the Mustard procedure has reasonably good outcome during the first two decades of life, 3 late sequelae are frequently encountered including arrhythmias, baffle-related complications, and right ventricular (RV) dysfunction leading to heart failure. 3 -5 Since the mid-1980s, the Mustard procedure has been replaced by the arterial switch operation. 6 Nevertheless, cardiologists continue to see older patients after Mustard repair. 4, 5 The cumulative survival after atrial switch is 80% after 25 years. 3 -5,7,8 The morphologic right ventricle supporting the systemic circulation remains an important concern and may cause a high burden of morbidity and premature mortality from heart failure. 9 So far, reliable information on outcome beyond 30 years is limited. The aim of this study is to assess survival, occurrence of arrhythmias and systemic ventricular dysfunction, and clinical course over a time span of nearly 40 years. This study is unique by its longitudinal design and extensive in-hospital investigations every 10 years.
Methods

Study population
All 91 consecutive patients who underwent Mustard repair for transposition of the great arteries in our institution between 1973 and 1980, at age ,15 years, were included in this longitudinal study.
In 36 patients, additional VSD closure or relief of pulmonary stenosis was performed in the same procedure. These patients are referred to as 'complex TGA'. The cohort was first studied in 1990, 10 and the second follow-up was performed in 2001. 3 All patients who were alive and had participated in one or both of the previous studies were invited to participate in the current third study. Survival status was obtained from the Dutch National Population Registry. Patients were invited to participate and were seen at the outpatient clinic of Erasmus Medical Center between April 2011 and March 2012. Detailed information describing the baseline characteristics, surgical procedure, and 10-year and 20-year follow-up results has previously been reported. 3, 10 The study protocol was approved by the institutional Medical Ethics Committee (2010 -15). Written informed consent was obtained from all study participants.
Adverse events
Survival was compared with the expected survival of the normal, agematched Dutch population. Major events were defined as: all-cause mortality; heart transplantation (HTx); cardiac reinterventions; symptomatic arrhythmias, or heart failure. Arrhythmias were defined as symptomatic if antiarrhythmic medication was prescribed, cardioversion or catheterbased or surgical ablation had been applied, or pacemaker/ICD implantation was performed. Heart failure was defined as hospitalization for heart failure or initiation of heart-failure medication.
Clinical assessment
All participating patients underwent extensive medical examination including history, physical examination, standard 12-lead electrocardiography (ECG), 24 h ambulatory Holter monitoring, 2D-echocardiography, bicycle ergometry with maximum oxygen consumption (VO 2 max), NT-proBNP measurement, and if possible cardiac magnetic resonance (CMR) imaging. If a patient was unwilling or unable to visit the outpatient clinic, an additional questionnaire was sent to obtain information on morbidity, and to receive permission for the use of information from their medical record.
Electrocardiography and 24 h Holter monitoring
Standard 12-lead surface ECGs were analysed for rhythm, PR interval, and QRS duration. A 24 h Holter monitoring was performed with a Cardio Perfect Holter DR180+ three-channel recorder (Welch Allyn Cardio Control, North East Monitoring, Maynard, MA, USA). Sinus node disease (SND) was defined according to the Kugler criteria, as described previously. 10 
Echocardiography
A detailed two-dimensional transthoracic echocardiogram was performed using the commercially available IE33 system (Philips Medical Systems, Best, the Netherlands). Cardiac dimensions and function were measured according to the current guidelines. 11, 12 Right ventricular systolic function was also assessed visually ('eyeballing') to make a comparison with the two previous studies possible. Right ventricular systolic function was graded as normal or mildly, moderately or severely impaired. Additionally, more objective measures including fractional area change (FAC), S ′ of the tricuspid annulus, and tricuspid annulus plane systolic excursion (TAPSE) were used to quantify RV function. Elevated pulmonary pressure was defined as early diastolic pulmonary regurgitation flow velocity of .2.5 m/s or, in the absence of (sub)pulmonary obstruction, mitral regurgitation flow velocity .3.0 m/s. The presence of baffle leakage or stenosis was assessed with colour Doppler echocardiography. All measures were obtained by two independent observers.
Bicycle ergometry
Maximal workload and maximal oxygen consumption (VO 2 max) were assessed by bicycle ergometry with gradual workload increment of 20 Watts per min (Ramp protocol), and compared with that of normal individuals corrected for age, gender, body height, and weight. The ratio of minute ventilation to carbon dioxide production (VE/VCO 2 ) was assessed at the anaerobic threshold and at maximum workload. Performance was considered maximal when a respiratory quotient (RER) of .1 was reached.
NT-proBNP measurement
Peripheral venous blood samples were collected after 30 min rest. Plasma NT-proBNP levels were determined with the use of the commercially available electrochemiluminesence immunoassay Elecsys (Roche Diagnostics, Basel, Switzerland). The reference value of normal for NT-proBNP in our hospital is ,14 pmol/L.
Cardiac magnetic resonance imaging
Cardiac magnetic resonance imaging was performed using a Signa 1.5-Tesla whole-body scanner (GE Medical Systems, Milwaukee, WI, USA) with dedicated phased-array cardiac surface coils. Details of the used MR sequence have been reported previously. 13 For CMR analyses, a commercially available Advanced Windows workstation (GE Medical Systems) was used, equipped with Q-mass version 5.2 (Medis Medical Imaging Systems, Leiden, the Netherlands). Ventricular volume was quantified using manual outlining of endocardial borders, excluding large trabeculae and the papillary muscles from the blood volume, in endsystole and end-diastole. Mustard repair: outcome up to 40 years
Statistical analysis
For advanced statistical analyses of the longitudinal and survival data, the R software version 3.0.1 package was used (available at www.r-project.org). Univariable and multivariable Cox proportional hazard regression analyses were used to identify predictors for the predefined adverse events: all-cause mortality and HTx; arrhythmia or pacemaker implantation; heart failure, and need for reinterventions. The following baseline covariates were included in the models: age at operation, era of Mustard operation (before or after the median, 1977), simple vs. complex TGA, temperature during surgery, and early postoperative arrhythmias, defined as any arrhythmia within 30 days after Mustard repair. Clinical parameters from 1990 and 2001 that were included in the models comprised: QRS duration; exercise capacity; RV systolic function and severity of tricuspid regurgitation on echocardiography; signs of SND, VT, or SVT on Holter. Due to the low frequencies of the aforementioned events, a penalized likelihood approach was used in the multivariable Cox model. 14 To account for missing covariate data, we used a multiple imputation approach. 15 Wald tests were used to assess which covariates were most associated with the risk of each event. In addition, time-dependent Cox regression analysis was used to assess the effects of the time-dependent covariates QRS duration, exercise capacity, and ECG rhythm on outcome.
Cumulative survival plots and cumulative event incidences for the predefined adverse events were calculated using the Kaplan-Meier method. The survival of Mustard patients was compared with the expected survival of the normal Dutch population. The Mantel and Haenszel log-rank test was used to compare survival curves. All statistical tests were two-sided and a P-value of , 0.05 was considered significant.
Results
Study population
The original study cohort consisted of 91 patients. Baseline characteristics are presented in Table 1 . An overview of the patient participation for the current study is presented in Figure 1 . Median age at operation was 0.7 (IQR 0.4 -2.5) years. Age at current study did not differ significantly between patients operated before and after 1977 (28.0 + 15.9 vs. 31.1 years, P ¼ 0.257). There were no differences in baseline characteristics between the current participating and non-participating patients.
Survival
Survival status was obtained of 86 (95%) patients. Cumulative survival without HTx was 84% at 10 years, 80% at 20 years, 77% at 30 years, and 68% after 39 years ( Figure 2 ). Five patients moved abroad and were untraceable. The median postoperative follow-up was 35 (IQR 34-38) years. Twenty-two patients died: five patients died within 30 days after surgery. Until the first follow-up study in 1990, 13 patients died, 7 of whom suddenly without evidence of prior heart failure or arrhythmias. 10 In the following decade, two patients died of heart failure. 3 In the last decade, two patients died, both of ventricular fibrillation (VF). One patient died of VF during exercise, without previous signs of heart failure. This patient had showed nonsustained VT on Holter in 1990, but never had experienced symptomatic arrhythmias. The other patient developed VF in hospital, shortly after ICD implantation, before threshold testing could be performed. Resuscitation was not successful. He had received the ICD because of severely impaired RV systolic function. No differences in survival and event-free survival between patients with simple or complex TGA were observed ( Figure 3 ). Two patients underwent successful HTx for failure of the systemic right ventricle, respectively 26 and 37 years after Mustard correction.
Adverse events
During total follow-up, 66 patients had at least one of the pre-defined adverse events, with a subsequent cumulative event-free survival of 19% after 39 years ( Figure 2 ).
Reinterventions
In the last decade, three patients (6%) underwent catheter intervention for inferior baffle stenosis. In one of them, reintervention for superior baffle stenosis was performed in the same procedure. One patient had an acute myocardial infarction at the age of 45 years, for which she underwent a successful percutaneous coronary intervention. During total follow-up, 27 patients (cumulative incidence of 46%) required reintervention, mainly for baffle stenosis or leakage (n ¼ 19). The median time between Mustard repair and first baffle reintervention was 14.8 (IQR 10.3-20.6) years.
Arrhythmias
In the last decade, two patients (4%) developed atrial fibrillation (AF), two patients (4%) had atrial flutter, one patient (2%) had VF, and two (4%) experienced both VT and SVT. The cumulative incidence of SVT was 28% and of VT/VF was 6% during total follow-up. In total, pacemaker implantation was performed in 19 patients (cumulative 33%) and ICD implantation in three patients (6%). One patient received an ICD for primary prevention, and the other two for secondary prevention. transplantation and event-free survival, i.e. free of heart transplantation, cardiac reinterventions, symptomatic arrhythmias, heart failure, or death. Survival without heart transplantation was compared with the survival of the Dutch population. Mustard repair: outcome up to 40 years Heart failure In the last 10 years, 7 patients (14%) developed heart failure of whom five needed hospital admission. During total follow-up, 12 patients (23%) developed heart failure; 2 of them died and 2 underwent HTx.
History and clinical evaluation
The median age at the time of the current study was 36 (IQR 34-40) years with a median postoperative follow-up of 35 (IQR 34-38) years. Median oxygen saturation was 97 (IQR 96-99)%. Twenty-six patients (52%) used cardiac medication comprising: ACE-inhibitors (n ¼ 16), beta-blockers for heart failure (n ¼ 2) or arrhythmia (n ¼ 9), digoxin (n ¼ 6), or other antiarrhythmic drugs (n ¼ 5). One patient was treated for pulmonary arterial hypertension with sildenafil. A total of 22 patients (44%) had at least one hospital admission in the last decade. No paradoxical embolic events occurred.
Seven women had 13 successful pregnancies. Three patients refrained from pregnancy after careful counselling regarding the possible risks posed by their cardiac status.
Electrocardiography and 24 h Holter
The results are summarized in Table 2 . The majority of patients were in sinus rhythm (66%). QRS duration increased significantly over time ( Figure 4) . On Holter, no significant bradycardia (ventricular pauses longer than three seconds) or sustained VTs were observed. None of the patients with non-sustained VT (16%) was symptomatic. There were no differences in the incidence of supraventricular or ventricular arrhythmias between patients with simple and complex TGA (P ¼ 0.4).
Echocardiography
The systemic RV function deteriorated over time ( Table 2) . At last follow-up, only one patient (2%) had a good RV systolic function. Right ventricular systolic dysfunction was mild in 11 patients (23%), moderate in 28 (60%), and severe in 7 (15%). Both RV FAC and TAPSE were decreased in the majority of patients ( Table 3) . TDI S ′ was below 10 cm/s in all but one patient. Lower RV FAC was correlated with a larger RV annulus dimension (r ¼ 20.35, P ¼ 0.03). There was no difference in RV systolic function or a difference in deterioration of RV systolic function over time between patients with simple or complex TGA. To investigate the impact of pregnancy on deterioration of RV systolic function, we compared changes in RV systolic function between women with and without previous pregnancy. No significant differences were found.
More patients developed regurgitation of the aortic, pulmonary, and tricuspid valve. Severe tricuspid regurgitation was not significantly associated with diminished RV systolic function. Eight patients (16%) had elevated pulmonary arterial pressures. Neither pulmonary nor mitral regurgitation peak velocities were related to the severity of RV dilation or RV systolic dysfunction. In 18 patients, residual lesions were found comprising mild obstruction of the inferior baffle (n ¼ 4), pulmonary venous baffle (n ¼ 4) or both (n ¼ 2), pulmonary valve stenosis (n ¼ 9), baffle leakage (n ¼ 2), residual VSD (n ¼ 1), and residual ASD (n ¼ 1). All lesions were well tolerated and did not require intervention.
Bicycle ergometry
Maximal exercise capacity was decreased but remained stable over the last 10 years ( Table 2) . Sixty-nine percent achieved a VO 2 max ,85% of the predicted value. During exercise, six patients had an increase in ventricular extrasystoles; in two patients, these were multifocal. No SVT or VT was observed.
NT-proBNP
Median NT-proBNP level was 31.6 (IQR 22.3-53.2) pmol/L. An elevated NT-proBNP level was observed in 92% of the patients. NT-proBNP correlated with age (r ¼
Cardiac magnetic resonance imaging
Cardiac magnetic resonance was performed in 24 patients (48%). The reasons for not performing CMR in the others were the presence of a pacemaker (n ¼ 16), refusal (n ¼ 7), and claustrophobia (n ¼ 3). The results of CMR are summarized in Table 3 . Median RV ejection fraction was 47 (IQR 28 -71)%. Patients with complex TGA had a higher LVEF (67 vs. 58%, P ¼ 0.007) and RVEF (56 vs. 43%, P ¼ 0.005) than patients with simple TGA.
Predictor analyses
Results of Cox regression analyses are presented in Table 4 . Patients operated before 1977 more often died, but needed fewer reinterventions than patients operated after 1977. Early post-operative arrhythmias were predictive for arrhythmias and for development of heart failure during follow-up. Using a time-dependent Cox regression model, early postoperative arrhythmias were predictive for heart failure independent of changes in QRS duration, exercise capacity, and loss of sinus rhythm over the three study moments. No clinical parameters derived from ECG, echocardiography, Holter, and bicycle ergometry in 1990 and 2001 were predictive for outcome.
Discussion
This longitudinal study, evaluating Mustard patients systematically every 10 years for nearly 40 years, shows that patients operated in the 1970s have an acceptable survival and remain in remarkably stable clinical condition despite substantial morbidity and compromised ventricular systolic function. Although ventricular systolic function shows a further decline over time and arrhythmias are often encountered, exercise capacity remains stable.
Survival and major events
Survival in our cohort is clearly worse than in the general Dutch population. So far, results after the arterial switch operation are better, but follow-up in these patients is still inevitably shorter. 16 -18 Survival seems comparable to patients after the Senning operation; however, only follow-up of no longer than 20 year has been described for Senning patients. 19 In contrast to findings by Lange et al., 8 survival rates of patients with simple and complex TGA were similar in our study. At 25-year follow-up, there was a difference in event-free survival between simple and complex TGA. This difference disappeared over the last 10 years. While in the previous decade, heart failure was the main cause of death, ventricular arrhythmias were the sole cause in the last decade. Ventricular arrhythmias are associated with impaired systemic ventricular systolic function in Mustard patients. 20 One of our patients had VF despite having only mild systolic ventricular dysfunction.
Survival results were not as bad as we expected, based on the findings in this cohort 10 years ago. However, morbidity was substantial. Baffle-related complications are the most frequent cause of reintervention, which has been described by Horer et al. 7 However, as only three baffle-related reinterventions were performed in the last 10 years, baffle problems seem to have been addressed effectively in the previous decades and new stenosis are not often encountered. 
Systemic right ventricular systolic dysfunction
Progressive decline in systemic RV systolic function is confirmed by our study and remains the major concern in Mustard patients. Tricuspid regurgitation increased in line with further deterioration of RV systolic function and dilation of the ventricle. The degree of RV systolic dysfunction was correlated with NT-proBNP levels, a known marker of prognosis in acquired heart failure. 21 Decline in RV systolic function seems to be confirmed by CMR-derived ejection fraction, although normal values for these subaortic RVs are not available. Nevertheless, the median RVEF in our patients is lower than the RVEF measured in the younger patients with systemic RVs described by Dobson et al. 22 As the benefit of conventional heart failure medication for failing subaortic RVs is limited, 23, 24 we expect that more patients will qualify for heart transplantation in the future. Interestingly, patients with complex TGA had a higher LV and RV ejection fraction on CMR than those with simple TGA. Possibly, the presence of a residual LV outflow tract obstruction with subsequent higher systolic LV pressure causing a more favourable position of the interventricular septum improves ventricular interaction and thereby ventricular systolic function. However, regarding our CMR results, our study population was small and data will have to be confirmed by larger studies.
Arrhythmias
In the last decade, the incidence of SVTs has doubled. This is worrisome, as Kammeraad et al. 25 showed that SVTs are a predictor of sudden cardiac death. The occurrence of atrial macro-re-entry tachycardia could be related to extensive atrial scar tissue, since patients with a systemic RV without atrial scarring (i.e. congenitally corrected TGA) have significantly less SVTs. 22 Also increase in atrial pressure caused by ongoing decline in RV systolic function could induce AF. Although Holter recordings did not show an increase in ventricular arrhythmias, five patients experienced them and two of them died. This urges the question whether more patients with systemic RV systolic dysfunction should receive an ICD for primary prevention. Decisions on this topic are difficult, because in these young patients inappropriate shocks are known to occur more often and consequent psychological problems are of major concern. 26, 27 Moreover, lead implantation may lead to obstruction in relatively narrow superior systemic venous baffles. 28 Additionally, lead renewal may be necessary over time in these relatively young patients, which has a significant morbidity. On the other hand, two patients died because of VF in the last decade, which probably could have been prevented by an ICD in one. Sinus-node disease has been a major concern and the main reason for pacemaker implantation in Mustard patients. 29 Although more than half of our patients showed signs of SND on Holter, only two additional pacemakers were implanted for this indication. Moreover, there was no further loss of sinus rhythm on ECG. Therefore, SND appears to be primarily a problem of the earlier decades after surgery.
Functional capacity
Exercise capacity is clearly impaired in our cohort of patients, but remained stable in the last 10 years. This impaired exercise capacity and lower VO 2 max are in line with the reference values for patients after atrial switch operation described by Kempny et al. 30 Exercise capacity could be limited by several factors: failure to increase ventricular stroke volume due to impaired myocardial contractile reserve, the inability to augment ventricular filling because of noncompliant baffles or inadequate coronary flow reserve in the hypertrophic RV, and chronotropic incompetence, which is a known problem in Mustard patients. 31 In our patients, the maximum heart rate during exercise testing declined over the last 10 years. Predictors for late events
Older age at time of Mustard repair was associated with a higher chance of developing heart failure. This emphasizes the importance of early surgery, which became standard in the last era of Mustard repair. In patients who are operated at an older age, the prolonged presence of cyanosis may negatively affect the ventricular myocardium. Mortality was significantly higher in the patients operated before 1977 than in those patients operated after 1977. This could reflect improvement in experience, in surgical techniques, and in the quality of perioperative care.
Early postoperative arrhythmias predicted the development of late arrhythmias and also the occurrence of heart failure in our cohort. Sarkar et al. 32 found early post-operative arrhythmias to be associated with late sudden death and childhood junctional rhythm in Mustard patients was a predictor for late SVTs in the study of Puley et al. 33 Possibly, the relation between early and late arrhythmias can be explained by surgical damage to the conduction system and the presence of post-operative scar tissue and fibrosis. The relation between early arrhythmias and heart failure is new and needs attention. As patients with early arrhythmias receive a pacemaker more often, ventricular function could be hampered by longstanding abnormal ventricular activation. 34 Also the use of negative inotropic antiarrhythmic drugs could have had a negative effect on RV function. For example, 20% of our patients used a beta-blocker. On the other hand, perhaps the occurrence of early post-operative arrhythmias is an independent sign of a compromised haemodynamic or anatomic situation. Further studies should investigate the exact role and predictive value of these early arrhythmias.
Study limitations and advantages
Although the number of patients in this study is limited, we report the follow-up of a consecutive cohort of operated patients, without selection bias related to disease severity. After a follow-up of nearly 40 years, we gathered medical information on 50 (91%) of the 55 approached patients. We found no significant differences in baseline characteristics between participating and non-participating patients. Therefore, we are confident that there was no selection bias and consider the patients who participated in this study as a non-selected population. Most other studies report on selected patients, still regularly seen at the adult outpatient clinic, while we approached the total patient population operated in the pre-defined time period to visit the hospital. Assessment of RV function with the use of echocardiography is difficult in the normal heart, and even more difficult in Mustard patients. 35 Normal values for subaortic RVs are not available. The same holds for CMR. Cardiac magnetic resonance is an elegant technique to assess RV volume and function, also in Mustard patients. However, a substantial amount of the Mustard patients has a pacemaker, which makes it impossible to perform a CMR. Even with the use of MRI compatible pacemakers, the intracardiac leads will continue to cause artefacts in the area of interest and thus accurate assessment of RV function in these patients remains difficult. Diagnostic methods have been changed inevitably over the last decades. Therefore, for comparison to data of the previous studies, we used the same methods as were used in the past. In addition, we performed and reported all up-to-date diagnostic methods which were available in 2012. We believe that this study provides unique data, because this is the only study to examine the same cohort of Mustard patients longitudinally.
Conclusions
Forty years after Mustard repair, two-third of our original cohort are still alive. There is a progressive decline in RV systolic function and an increasing incidence of arrhythmias and heart failure. However, functional capacity remains stable.
Funding
This work was funded by a grant from the Dutch Heart Foundation (grant number 2009-B-073).
Conflicts of interest: none declared.
